Aggregation and Dynamics of Oligocholate Transporters in Phospholipid Bilayers Revealed by Solid-State NMR Spectroscopy by Wang, Tuo et al.
Chemistry Publications Chemistry
11-2012
Aggregation and Dynamics of Oligocholate
Transporters in Phospholipid Bilayers Revealed by
Solid-State NMR Spectroscopy
Tuo Wang
Iowa State University
Lakmini Sandachaya Widanapathirana
Iowa State University
Yan Zhao
Iowa State University, zhaoy@iastate.edu
Follow this and additional works at: http://lib.dr.iastate.edu/chem_pubs
Part of the Chemistry Commons
The complete bibliographic information for this item can be found at http://lib.dr.iastate.edu/
chem_pubs/185. For information on how to cite this item, please visit http://lib.dr.iastate.edu/
howtocite.html.
This Article is brought to you for free and open access by the Chemistry at Iowa State University Digital Repository. It has been accepted for inclusion
in Chemistry Publications by an authorized administrator of Iowa State University Digital Repository. For more information, please contact
digirep@iastate.edu.
Aggregation and Dynamics of Oligocholate Transporters in Phospholipid
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Abstract
Macrocycles made of cholate building blocks were previously found to transport glucose readily across lipid
bilayers. In this study, an 15N, 13Cα-labeled glycine was inserted into a cyclic cholate trimer and attached at
the end of a linear trimer, respectively. The isotopic labeling allowed us to use solid-state NMR spectroscopy
to study the dynamics, aggregation, and depth of insertion of these compounds in lipid membranes. The cyclic
compound was found to be mostly immobilized in DLPC, POPC/POPG, and POPC/POPG/cholesterol
membranes, whereas the linear trimer displayed large-amplitude motion that depended on the membrane
thickness and viscosity. 13C-detected 1H spin diffusion experiments revealed the depth of insertion of the
compounds in the membranes, as well as their contact with water molecules. The data support a consistent
stacking model for the cholate macrocycles in lipid membranes, driven by the hydrophobic interactions of the
water molecules in the interior of the macrocycles. The study also shows a strong preference of the linear
trimer for the membrane surface, consistent with its lack of transport activity in earlier liposome leakage
assays.
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ABSTRACT: Macrocycles made of cholate building blocks were
previously found to transport glucose readily across lipid bilayers. In
this study, an 15N, 13Cα-labeled glycine was inserted into a cyclic cholate
trimer and attached at the end of a linear trimer, respectively. The
isotopic labeling allowed us to use solid-state NMR spectroscopy to study
the dynamics, aggregation, and depth of insertion of these compounds in
lipid membranes. The cyclic compound was found to be mostly
immobilized in DLPC, POPC/POPG, and POPC/POPG/cholesterol
membranes, whereas the linear trimer displayed large-amplitude motion
that depended on the membrane thickness and viscosity. 13C-detected 1H
spin diﬀusion experiments revealed the depth of insertion of the compounds in the membranes, as well as their contact with
water molecules. The data support a consistent stacking model for the cholate macrocycles in lipid membranes, driven by the
hydrophobic interactions of the water molecules in the interior of the macrocycles. The study also shows a strong preference of
the linear trimer for the membrane surface, consistent with its lack of transport activity in earlier liposome leakage assays.
■ INTRODUCTION
Membrane proteins perform vital biological functions including
photosynthesis, ion conduction, signal transduction, and
immune response and, not surprisingly, account for nearly 50%
of all drug targets.1,2 Protein-based pores and channels are
frequently used by cells to control the traﬃc across their
membranes.3−5 Structural characterization of these proteins is
essential to a detailed understanding of molecular transport
across lipid membranes but is hampered by the diﬃculty in
expressing and crystallizing membrane proteins in general. The
characterization sometimes is diﬃcult also because the structure
of the active transporter may vary with lipid composition and the
presence of other proteins or ligands.
Chemists can contribute to the understanding of membrane
transport from a diﬀerent perspective. By studying synthetic
pore-forming materials, they develop a fundamental under-
standing of the self-assembling mechanism involved in pore
formation.6−12 Because similar covalent and noncovalent forces
are involved in both biological and synthetic nanopores, learning
from one can shed light on the other. In addition, structure−
activity correlation is more straightforward in simpler synthetic
pores, making it easier to extract the fundamental principles that
might operate in both systems. Furthermore, synthetic pores,
especially those opened and closed (i.e., gated) by chemical or
physical stimuli, have practical applications such as delivery of
hydrophilic molecules across cell membranes,8−12 sensing,13
DNA sequencing,14−19 and catalysis.20
Recently, we extended the solvophobic folding of linear
oligocholate foldamers in organic solution to the membrane
environment and created synthetic nanopores formed by
oligocholate macrocycles.21,22 The driving force for these
nanopores diﬀers signiﬁcantly from those in reported synthetic
nanopores that typically rely on hydrogen bonds,20,23−25
aromatic interactions,26,27 or metal−ligand coordination28,29
for assembly. Amphiphilic macrocycles such as 1 and 2 have a
highly polar interior that tends to carry a pocket of water. When
the molecules enter a lipid bilayer, the internal water molecules
serve to solvate the polar amide and hydroxyl groups in the
nonpolar membrane. For a nonaggregated macrocycle, however,
these water molecules are exposed to hydrocarbon on one side of
the macrocycle if the molecule lies near the membrane surface
and on both sides if it penetrates into the membrane (Figure 1).
Such unfavorable hydrophilic−hydrophobic contact can be
minimized if multiple macrocycles stack over one another to
form a transmembrane (TM) pore. The arrangement allows the
water molecules inside the macrocycles to solvate the polar
groups of the cholates and still exchange with the bulk water
readily. The solvent exchange is entropically favorable to the pore
formation. Indeed, it is known that, in some cases, the (entropic)
cost for trapping a single water molecule can be as high as 2 kcal/
mol.30
The main support for the hydrophobically driven pore
formation so far was from leakage assays.21,22 Spectroscopic
evidence was also obtained from the excimer emission of pyrene-
labeled macrocycles such as 4.21,31 More recently, we took
advantage of the environmental sensitivity of the dansyl group
and studied compounds 5 and 6 by a number of ﬂuorescence
techniques. The study yielded signiﬁcant insight into the
relationship between the amphiphile topology and its
aggregation in the membrane environment.32
Solid-state NMR spectroscopy is a powerful technique to
study structure, dynamics, and topology of membrane-bound
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proteins and other macromolecules.33,34 13C and 15N chemical
shifts give information about the conformation of themembrane-
bound species while lipid−protein interactions can be
investigated by using various 2D correlation NMR experiments.
In particular, 1H spin diﬀusion from lipid acyl chains or water to
the macromolecule of interest can aﬀord semiquantitative
information about the depth of insertion and water proximity
of the macromolecules, respectively.35,36
In this paper, we prepared a cyclic trimer (7) and a linear
trimer (8) containing an 15N, 13Cα-labeled glycine unit. These
compounds are referred to as the cyclic trimer (CT) and linear
trimer (LT), respectively. The isotope label allowed us to
measure the dynamics, aggregation, and depth of insertion of
these oligocholates in lipid membranes using solid-state NMR
spectroscopy. Previously, incorporation of a single α-amino acid
residue in the oligocholate macrocycle was found to be well-
tolerated by the pore formation.31 In comparison to 5 and 6, the
glycine-containing compounds represent better models for the
parent compounds (i.e., 1 and 3), due to the small size of the
label.
■ EXPERIMENTAL SECTION
Synthesis of Compound 8 (LT).The carboxylic acid derivative of 3
(150 mg, 0.122 mmol), glycine methyl ester hydrochloride (31 mg,
0.244 mmol), benzotriazole-1-yl-oxy-tris(dimethylamino)-
phosphonium hexaﬂuorophosphate (BOP, 135 mg, 0.305 mmol), and
1-hydroxybenzotriazole (HOBt, 42 mg, 0.305 mmol) were dissolved in
DMF (0.5 mL), followed by the addition of N,N-diisopropylethylamine
(DIPEA, 0.17 mL, 0.976 mmol). The mixture was allowed to react in a
microwave reactor at 100 °C for 45 min and poured into dilute HCl
aqueous solution (0.05 M, 200 mL). The precipitate formed was
collected by suction ﬁltration, washed with water, dried in air, and
puriﬁed by column chromatography over silica gel with 8:1 CH2Cl2/
CH3OH as the eluent to aﬀord an ivory powder (140 mg, 89%).
1H
NMR (400 MHz, CD3OD/CDCl3 1:1) δ 4.09 (s, 1H), 3.94 (br, 3H),
3.79 (br, 3H), 3.74 (s, 1H), 3.71 (s, 3H), 3.53 (m, 2H), 3.16 (m, 1H),
2.36−0.93 (a series of m), 0.90 (s, 9H), 0.68 (m, 9H). 13C NMR (100
MHz, CDCl3/CD3OD = 1:1) δ 175.8, 174.0, 170.4, 73.0, 68.0, 61.7,
49.8, 47.1, 46.5, 42.3, 41.8, 41.1, 40.9, 39.7, 36.4, 36.1, 35.7, 35.6, 35.0,
34.7, 33.5, 33.0, 23.2, 22.6, 17.1, 12.1. ESI-HRMS (m/z): [M + H]+
calcd for C74[
13C]H123N5[
15N]O11 1285.9248, found 1285.9217.
Synthesis of Compound 7 (CT). Compound 8 (100 mg, 0.078
mmol) and triphenylphosphine (31 mg, 0.117 mmol) were dissolved in
MeOH (10 mL). The reaction mixture was heated to reﬂux overnight.
The solvent was removed by rotary evaporation. The residue was
puriﬁed by column chromatography over silica gel with 15:1 CH2Cl2/
CH3OH and 6:1:0.1 CH2Cl2/CH3OH/Et3N as the eluents to aﬀord an
oﬀ-white powder (95 mg, 97%). This product was dissolved in MeOH
(3 mL) and a solution of 2 M LiOH (0.4 mL, 0.754 mmol) was added.
The reaction was stirred at room temperature and monitored by TLC.
After the hydrolysis was complete, the organic solvent was removed by
rotary evaporation. After addition of a dilute HCl solution (30 mL, 0.05
M), the precipitate formed was collected by centrifugation, washed with
cold water, and dried in vacuo. A portion of the hydrolyzed compound
(50 mg, 0.040 mmol), BOP (89 mg, 0.201 mmol), and HOBT (27 mg,
0.201 mmol) were dissolved in DMF (40 mL), followed by the addition
of DIPEA (56 μL, 0.321 mmol). The mixture was allowed to react in a
microwave reactor at 100 °C for 1 h and poured into dilute HCl aqueous
solution (0.05 M, 100 mL). The precipitate formed was collected by
suction ﬁltration, washed with water, dried in air, and puriﬁed by column
chromatography over silica gel with 10:1 CH2Cl2/CH3OH as the eluent
to aﬀord an ivory powder (43 mg, 86%). 1H NMR (400MHz, CD3OD/
CDCl3 1:1) δ 3.94 (br, 3H), 3.79 (br, 3H), 3.51 (m, 4H), 3.36 (s, 2H),
3.15 (m, 1H), 2.34−0.80 (a series of m), 0.68 (s, 9H). 13C NMR (100
MHz, CDCl3/CD3OD = 1:1) δ 174.61, 72.62, 67.72, 45.98, 43.39,
43.27, 43.25, 41.79, 41.48, 40.71, 40.58, 39.25, 35.88, 35.59, 34.63, 34.57,
34.41,34.32, 27.97, 26.61, 26.44, 26.24, 22.86, 22.75, 22.10, 16.83, 16.68,
8.11. ESI-HRMS (m/z): [M + Na]+ calcd for C73[
13C]H119N3[
15N]-
O10Na 1249.8969, found 1249.8799.
Membrane Sample Preparation. Three types of lipid membranes
were used to reconstitute the oligocholates: 1,2-didodecanoyl-sn-
glycero-3-phosphocholine (DLPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1′-rac-glycerol) (POPG) (10:1 molar ratio), and POPC/POPG/
cholesterol (10:1:2.5 molar ratio). The trimer/lipid molar ratio was
1:7.5 for the POPC/POPG membrane, both with and without
cholesterol, and 1:9.2 for the DLPC sample. These values corresponded
to the same mass ratio of about 1:4.5 between the oligocholates and the
lipids. Phospholipids, cholesterol, CT, and LT were dissolved in
chloroform, mixed, and dried under a stream of nitrogen gas to form a
ﬁlm. The mixture was suspended in pH 7.5 Tris buﬀer (10 mM Tris
base, 1 mMEDTA, 0.1 mMNaN3), vortexed, and dialyzed against buﬀer
for one day at room temperature. The dialysis was used to reduce the salt
concentration. The suspension was centrifuged at 150 000 g for 4 h to
obtain a homogeneous membrane pellet and allowed to equilibrate to 35
wt % hydration. The pellet was then packed into a 4 mm magic-angle-
spinning (MAS) rotor for solid-state NMR experiments.
Solid-State NMR Experiments. All NMR experiments were
conducted at a 9.4 T Bruker DSX-400 spectrometer operating at a
Figure 1. Structures of cyclic and linear oligocholates and the idealized transmembrane pore from stacked oligocholate macrocycles in a lipid bilayer
membrane.
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Larmor frequency of 400.49 MHz for 1H and 100.72 MHz for 13C.
Typical radiofrequency pulse lengths were 4−5 μs for 1H and 5 μs for
13C. 13C chemical shifts were referenced to the 13CO signal of α-Gly at
176.465 ppm on the TMS scale.
13C−1H dipolar couplings were measured with use of the 2D dipolar-
chemical-shift (DIPSHIFT) correlation experiments under 3.5 kHz
MAS at 298 K.37,38 1H homonuclear decoupling was achieved by using
the MREV-8 sequence with a 1H 105° pulse length of 4.0 μs.39 The t1
dimension was ﬁt to give the apparent coupling, which was divided by
the theoretical MREV-8 scaling factor of 0.47 to obtain the true dipolar
coupling. The order parameter SCH was calculated as the ratio of true
couplings to rigid limit value, 22.7 kHz. The model compound formyl-
MLF was used to verify the MREV-8 scaling factor.
2D 13C-detected 1H spin diﬀusion experiments were carried out to
determine the depth of insertion and water accessibility of CT and LT.
This method has been well-established for measuring the distances of
proteins to the center of the lipid bilayer and to water.40 The 1H
magnetization from mobile lipid chains and water was ﬁrst selected by
using a 1H T2 ﬁlter and was then transferred to the rigid oligocholates
during a mixing period (tm). A
1H 180° pulse was applied in the middle
of the T2 ﬁlter to refocus the isotropic chemical shift. Since the
intermolecular distances depend on the magnetization transfer rates,
semiquantitative distances can be obtained by ﬁtting the 1H−13C cross-
peak buildup as a function of tm. All samples were measured under 5 kHz
MAS above the phase-transition temperature of the lipid membrane.
The CT samples were measured at 298 K while the LT sample was
measured at 278 K to immobilize the polymer while still retaining the 1H
magnetization of water and lipid chains.
■ RESULTS AND DISCUSSION
Figure 2 shows the 1D 13C cross-polarization (CP) MAS spectra
of CT and LT, where the labeled 13Cα signal is well-resolved
from the natural-abundance lipid 13C signals. The 13C chemical
shifts for the CT (45 ppm) and LT (42 ppm) are diﬀerent due to
the diﬀerent chemical structures: the Cα is connected to two
amide groups in CT while sandwiched between an amide and a
methyl ester in LT. The well-resolved signal of the 13C label
allowed us to probe the dynamics and depth of insertion of the
two oligocholates. Although the eﬀect of the oligocholates on the
lipid dynamics is not the focus of this work, the lipid 13C signals in
the above spectra, as well as the 1H and 31P spectra of the lipids
(data not shown), indicate little change of lipid dynamics in the
presence of the oligocholates.
Dynamics of CT and LT in DiﬀerentMembranes. Among
the three membranes used, DLPC is the thinnest and has a low
phase-transition temperature of −2 °C. The POPC/POPG
membrane is thicker but has a similar phase-transition temper-
ature as DLPC bilayers. The POPC/POPG/cholesterol
membrane has the highest membrane viscosity and thickness.
The choice of the three lipid systems was the same as in our
previous study.21 The monounsaturated POPC represents the
dominant lipids in the plasma membranes of eukaryotic cells.41
POPG was added to increase the colloidal stability of the
liposomes in our leakage assays.21 Inclusion of cholesterol into
the POPC/POPG membrane is known to increase its hydro-
phobicity and hydrophobic thickness41 but, counterintuitively,
enhanced the transmembranemovement of glucose induced by 1
and 2.21 Since hydrophobic interactions are hypothesized to
drive the stacking of the oligocholate macrocycles, DLPC was
chosen for its lower hydrophobicity.42 The glucose leakage from
POPC/POPG liposomes reached 100% in 30min with >1mol %
cyclic trimer 1 in the membrane.21 Thus, CT is expected to be
well above its critical aggregation concentration in the membrane
at [oligocholate]/[lipids] = 1:7.5 used for the NMR studies.
Since the oligocholates are insoluble in water, we could not add
CT and LT to preformed liposomes at such high oligocholate
concentrations. Instead, by premixing the lipids and the
oligocholates before ﬁlm formation, we could ensure that the
oligocholates were well-dispersed in the membranes.
To determine the mobility of CT and LT in various
membranes, we measured the 13C−1H dipolar couplings using
the DIPSHIFT experiment.38 These experiments were con-
ducted at 298 K, above the phase-transition temperatures of the
membranes. Figures 3 and 4 show the 13C−1H dipolar dephasing
curves of CT and LT, respectively. In all three membranes, CT
exhibited much deeper dephasing than LT, indicating larger
dipolar couplings. The order parameters were >0.8 for CT and
∼0.5 for LT. Therefore, CT was mostly immobilized in the
membranes while LT underwent large-amplitude motions.
Notably, the membrane thickness and viscosity had little eﬀect
on the order parameters of CT. This is interesting, because both
leakage assays and ﬂuorescent studies showed that the stacking of
the cholate macrocycles increased in the order of DLPC <
POPC/POPG < POPC/POPG/cholesterol.21,22 Thus, the
diﬀerent aggregational tendency of CT in these membranes
was insuﬃcient to cause dynamic diﬀerences. Because the
mobility of CTwas inferred from the labeled glycine, it is possible
that the slow motion simply results from the rigid, cyclic
structure.
The dynamic nature of LT is in agreement with our previous
ﬁndings. Fluorescent data suggested that the linear trimer had a
stronger preference for the membrane surface than the cyclic
analogue.32 Even though the linear trimer can aggregate
intermolecularly at high concentrations and migrate into the
hydrophobic core of the membrane, the aggregates seem to be
quite unstable and in rapid equilibrium with the surface-bound
species, which are expected to be quite mobile. The dynamics of
LT observed in the 13C−1H dipolar coupling data is consistent
with its surface binding. As long as the aggregation−
deaggregation is fast on the NMR time scale and the aggregated
LT represents a small population of all the LT molecules, we
would expect relatively fast motion for the linear trimer.
As shown by Figure 4, the LT order parameters increased
signiﬁcantly from DLPC (0.44) to POPC/POPG/cholesterol
(0.57). Hence, LT becomes less mobile as the membrane
becomes more viscous, thicker, and more hydrophobic. The
Figure 2. Representative 1D 13C CP-MAS spectra of the cyclic timer (a)
and linear trimer (b) in the DLPC bilayer. The spectra were measured at
298 K under 5 kHzMAS. The single 13C label gives a well-resolved peak
at 45 ppm for CT and 42 ppm for LT.
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lower mobility may be caused by the reducedmobility of both the
surface-bound LT and the intermolecular aggregates located
deeper in themembrane in a more viscous environment. Another
contribution might come from the membrane-dependent
aggregation of the linear trimer. As the hydrophobicity of the
membrane increases from DLPC to POPC/POPG and then to
Figure 3. 13C−1H dipolar couplings of CT in (a) DLPC, (b) POPC/POPG, and (c) POPC/POPG/cholesterol bilayers to determine CT dynamics in
the membrane. All data were measured at 298 K under 3.5 kHzMAS. The solid and dashed lines were best-ﬁt simulations with and without an empirical
T2 decay. The intensity of the last time point relative to the ﬁrst time point is indicated, along with the apparent T2. All three CT samples showed dipolar
order parameter of ∼0.84, indicating small-amplitude motion.
Figure 4. 13C−1H dipolar couplings of LT in (a) DLPC, (b) POPC/POPG, and (c) POPC/POPG/cholesterol bilayers. Experimental conditions and
symbols were the same as in Figure 3. LT had signiﬁcantly weaker dipolar couplings and smaller order parameter than CT, indicating large-amplitude
motion in all three membranes.
Figure 5. 2D 13C-detected 1H spin diﬀusion of DLPC-bound CT to determine the depth of insertion. (a) Representative 2D spectrum with 100 ms
mixing time. (b) 1H cross sections of the Cα peak as a function of mixing time. (c) Buildup curves of lipid CH2 (red) and H2O (blue) cross peaks. The
corresponding peaks are marked in panel b by dashed lines. Best ﬁt was obtained with 2 Å for CH2 and 16 Å for the H2O cross peak. Fitting parameters
are DL = 0.012 nm
2/ms, DW = 0.03 nm
2/ms, DP = 0.3 nm
2/ms, and DI = 0.00125 nm
2/ms for H2O and 0.0025 nm
2/ms for CH2.
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POPC/POPG/cholesterol, the hydrogen bonds among the polar
groups of the aggregated oligocholates become stronger. These
stronger hydrogen bonds are expected not only to enhance the
stability of the aggregates but also to slow down the
deaggregation processboth factors should decrease the
mobility of LT.
Insertion of CT in DLPC Bilayers. To determine the depth
of insertion of the oligocholates in the lipid membrane, we
carried out the 13C-detected 1H spin diﬀusion experiments at 298
K. For the DLPC-bound CT, signiﬁcant cross peaks from the
lipid CH2 (1.3 ppm) and CH3 (0.9 ppm) protons to CT
13Cwere
observed already at short mixing times (9 ms), reaching a plateau
by 100 ms (Figure 5). The buildup curve was best ﬁt to a 2 Å
distance, indicating that CT fully inserts into the DLPC bilayer.
In comparison, the water cross peak with CT was very slow to
develop, reaching a plateau only at 625 ms. The slow intensity
buildup was best ﬁt to a distance of 16 Å.
The short, 2 Å average distance of CT to the lipid CH2 in the
DLPC membrane is reasonable from the viewpoint of molecular
dimension. The hydrophobic thickness of the DLPC bilayer is
about 2.0 nm.43 The height of the CT is about 0.6−0.7 nm
according to its CPK model. When solubilized in the
hydrophobic region of the membrane, the 13C label should be
quite close to most carbons on the C-12 chain of DLPC. On the
other hand, the 16 Å average distance between CT and water was
much longer than expected. We had envisioned that the highly
hydrophilic interior of CT would always carry a pocket of water,
regardless of the membrane structure, and thus anticipated a
rapid buildup of the water cross peaks. For ion channels in lipid
membranes, as long as the channel is hydrated, the channel water
and membrane-surface water equilibrate rapidly on the NMR
time scale, giving fast intensity buildup for the water−protein
cross peaks.44,45 One possible explanation for the unusually slow
buildup of the water cross peaks is that the CT pore may be
dehydrated in the DLPC membrane. Filling the interior of CT
with lipid chains, however, does not seem favorable from an
energetic point of view. An alternative possibility, which is more
consistent with the previous ﬂuorescent data,32 is that water
molecules may be present in the interior of the macrocycle in the
DLPC bilayer but may not form a continuous conduit to the
membrane surface. In comparison to a TM channel with rapidly
exchanging water molecules with the surface water, the CT
Figure 6. 2D 13C-detected 1H spin diﬀusion of CT in the POPC/POPG bilayer. (a) Representative 2D spectrum with a 625 ms mixing time. (b) 1H
cross sections of the Cα peak as a function of mixing time. (c) Buildup curves of the lipid CH2 (red) and H2O (blue) cross peaks. Best ﬁt was obtained
with 2 Å for the H2O buildup and a predominant distance of 10 Å for the lipid CH2 buildup. Combination of 10 Å (80%) and 2 Å (20%) also has a
reasonable ﬁt for experimental data (red dashed line). Diﬀusion coeﬃcients are DL = 0.012 nm
2/ms, DW = 0.03 nm
2/ms, DP = 0.3 nm
2/ms, and DI =
0.0025 nm2/ms for H2O and 0.00125 nm
2/ms for CH2.
Figure 7. 2D 13C-detected 1H spin diﬀusion of CT in the POPC/POPG/cholesterol membrane. (a) Representative 2D spectrum with a 100 ms mixing
time. (b) 1H cross sections of the CT peak as a function of mixing time. (c) Buildup curves of the lipid CH2 (red) and H2O (blue) cross peaks. Best ﬁt
was obtained with 2 Å for the CH2 and 7 Å for theH2O curve. Diﬀusion coeﬃcients areDL = 0.012 nm
2/ms,DW = 0.03 nm
2/ms,DP = 0.3 nm
2/ms,DWP =
0.00125 nm2/ms, and DLP = 0.005 nm
2/ms.
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molecules in DLPC bilayers under such a circumstance would
experience much fewer water molecules in a given period of time,
causing water cross peaks to develop more slowly.
Insertion of CT into POPC/POPG Membranes. Interest-
ingly, in the POPC/POPG membrane, the lipid and water cross
peaks to CT reversed trends from the DLPC case (Figure 6): the
lipid cross peak intensities increased much more slowly, reaching
a plateau only at 625 ms, while the water cross peak equilibrated
rapidly, by 100 ms. The lipid chain−CT cross peak buildup was
best ﬁt to an average distance of 10 Å, indicating that the cyclic
trimer was shallowly inserted in the POPC/POPG membrane,
far from the lipid CH2 groups but with immediate access to water.
The hydrophobic thickness of POPC is about 2.6 nm.41 Thus,
if CT is close to the membrane surface, its height (0.6−0.7 nm)
would not allow it to be in contact with much of the lipid tail. The
10 Å average distance to the lipid CH2 thus supports partial
insertion of the CT. Since CT is eﬀective at transporting glucose
above 0.5 mol % of the POPC/POPG membrane,21 we
hypothesize that the depth of 10 Å is an average quantity from
a small fraction of fully inserted macrocycles and a dominant
fraction of surface-bound species. Indeed, simulations show that
the experimental data can be equally well ﬁt to a superposition of
a 20% population of a 2-Å distance and an 80% population of a
10-Å distance (Figure 6). Increasing the fraction of the 2-Å
component above 20% induces much faster buildup than
observed. Thus, only a small fraction of the macrocycles might
be responsible for the glucose transport, while the majority of CT
is surface-bound and inactive. In this scenario, the high water
cross peak in this membrane should result predominantly from
the surface-bound CT.
Insertion of CT and LT into POPC/POPG/Cholesterol
Membranes. CT displayed the most interesting behavior in the
POPC/POPG/cholesterol membrane (Figure 7). The lipid−
chain cross peaks rose similarly rapidly as in the DLPC bilayer,
with an average distance of 2 Å to the lipid CH2. Hence, as the
hydrophobic thickness of POPC membranes increased from 2.6
to 3.0 nm,41 the macrocycle actually became closer to the lipid
tails. This result provides the strongest evidence for the TM
stacking model for the cyclic oligocholates. As supported by the
glucose leakage assays21 and ﬂuorescence studies,31,32 by
increasing the hydrophobicity of the membrane, cholesterol
aﬀords a stronger driving force to the pore formation (Figure 1).
The addition of cholesterol thus favors stacking, transferring
more of the surface-bound CT to the hydrophobic core of the
membrane.
Another interesting observation is the water cross peak
buildup: it is intermediate between the DLPC and POPC/POPG
cases and ﬁts to a distance of 7 Å. We believe this result supports
our explanation for the seemingly “dehydrated”CT in the DLPC
membranes. When solubilized in a thicker, more hydrophobic
membrane, CT should have more diﬃculty contacting the
surface water molecules. Yet, despite its deep penetration into the
membrane (evident from its 2 Å average distance to the lipid
CH2), CT showed a shorter distance to water in the thicker
POPC/POPG/cholesterol membrane than in the thinner DLPC
membrane. These unusual results are readily explained by our
TM stacking model (Figure 1): the more hydrophobic the
membrane, the better can the CT molecules stack into the TM
pore. Once a nanopore is formed to span the entire thickness of
the bilayer, the water molecules inside the pore can exchange
with those on the surface readily, giving rise to faster buildup
curves than those observed for the DLPC membrane.46
For comparison, we also measured the depth of insertion of
LT in the POPC/POPG/cholesterol membrane. Since LT
undergoes signiﬁcant motion at ambient temperature, its 13C
signal cannot be distinguished from the lipid signals with the 1H
T2 ﬁlter. We, therefore, carried out the spin diﬀusion experiment
at a lower temperature, 278 K, which permitted the complete
suppression of the 1Hmagnetization of LT while maintaining the
1H magnetization of lipids and water. Importantly, both lipids
and water remain in the ﬂuid phase at this temperature. Figure 8
shows a strong cross peak between water and LT Cα, which
reached equilibrium rapidly, indicating that LT was in close
contact with the aqueous environment. Meanwhile, no lipid cross
peaks were identiﬁed until 625 ms, suggesting that the linear
trimer cannot move easily into the hydrophobic core of the
membrane.
■ CONCLUSIONS
The above 1H spin diﬀusion NMR data depict a striking contrast
in the behaviors of CT and LT in phospholipid bilayers. CT can
either insert into a membrane or stay near the surface, depending
on the membrane thickness and the presence of cholesterol. In
contrast, LT strongly prefers the membrane surface, in close
Figure 8. 2D 13C-detected 1H spin diﬀusion of LT in the POPC/POPG/cholesterol membrane at 278 K under 5 kHz MAS. (a) Representative 2D
spectrum with a 225 ms mixing time. The lipid CH2 cross peak is absent (yellow highlight), indicating that LT resides on the membrane surface. (b)
1H
cross sections of the LTCα peak as a function of mixing time. (c) The water buildup curve is best ﬁt to 2 Å usingDL = 0.012 nm
2/ms,DW = 0.03 nm
2/ms,
DP = 0.3 nm
2/ms, and DWP = 0.0025 nm
2/ms.
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contact with the membrane-surface water. The surface
preference of LT explains the poor transport activity of the
linear tricholate.21,22,47 13C−1H dipolar couplings show that LT
is much more dynamic than CT. It is known that rigid
oligocholates (i.e., those without any additional tethering units
between the cholates) can only form loose, unstable aggregates in
nonpolar environments.47,48 Thus, even if LT aggregates in the
membrane, these aggregates must represent a minor fraction of
all the LT molecules and/or be in rapid equilibrium with the
highly dynamic, surface-bound species.
This study demonstrates the power of solid-state NMR
spectroscopy in characterizing self-assembled structures in
phospholipid bilayers on a molecular level.49 Even though
solid-state NMR has been employed extensively to study
membrane peptides and proteins, the method is rarely used to
characterize synthetic nanopores. Synthetic pore-forming
compounds are structural and functional mimics of biological
pore-forming proteins but the lipid membrane represents an
extremely challenging medium for mechanistic studies of
molecular self-assembly. Fluorescence spectroscopy is popular
in membrane chemistry because of its high sensitivity. Never-
theless, bulky ﬂuorescent labels are required, which may aﬀect
the self-assembly and typically aﬀord low-resolution structural
information at the end. Solid-state NMR spectroscopy, on the
other hand, utilizes stable isotopes with minimal perturbation to
the parent structure and, most importantly, can reveal atomic-
scale information as shown in this study.
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